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Abstract  
A major hallmark of chronic obstructive pulmonary disease (COPD) is the infiltration and 

activation of inflammatory cells, particularly neutrophils, macrophages, and lymphocytes. 

Recently, it has been shown that A-kinase anchoring proteins (AKAPs) regulate the 

release of the neutrophil attractant IL-8. This study focuses on AKAP5 and AKAP12, 

which were found previously to be lower expressed in lung biopsies from COPD patients 

compared to non-COPD patients. We exposed wildtype, AKAP5-/- and AKAP12-/- mice to 

air or cigarette smoke for four days followed by measuring KC (IL-8 homologue) release 

and inflammatory cells in bronchoalveolar lavage (BAL). In wildtype mice, cigarette 

smoke exposure decreased AKAP5 and AKAP12 gene expression, and resulted in 

increased KC levels and neutrophil counts in BAL. In AKAP5-/- mice, this inflammatory 

effect was aggravated in cigarette smoke-exposed without affecting these parameters in 

the air-exposed mice. In AKAP12-/- mice, KC levels were similar to wildtype mice in both 

the air-exposed and cigarette smoke-exposed groups. However, AKAP12-/- mice had 

increased numbers of neutrophils, macrophages and lymphocytes in BAL fluid compared 

to wildtype mice in the air-exposed group, with no further increase upon cigarette smoke 

exposure. In conclusion, our data indicate that AKAP12 suppresses infiltration of 

inflammatory cells at baseline, whereas AKAP5 specifically suppresses cigarette smoke-

induced KC-mediated neutrophilia. Although the mechanism of action needs to be 

elucidated, this indicates that cigarette smoke-induced downregulation of these AKAPs 

may result in the development of neutrophilic airway inflammation. 
 

Introduction 

Chronic obstructive pulmonary disease (COPD) is a devastating lung disorder mainly 

caused by cigarette smoke that - according to the World Health Organization - will 

become the third leading cause of death worldwide by 2030. Underlying pathogenic 

processes include infiltration and activation of inflammatory cells, particularly neutrophils, 

macrophages and lymphocytes (1, 2).  

The second messenger cyclic AMP (cAMP), which is produced upon activation 

of the β2-adrenoceptor, has anti-inflammatory effects and is an important target in the 

anti-inflammatory treatment of COPD using phosphodiesterase (PDE) inhibitors that 

effectively suppress neutrophil recruitment to the lung (3). By hydrolyzing cAMP, PDEs 

prevent the diffusion of cAMP and create local compartments, which are important to 

allow a tight control of cAMP signaling events throughout the cell. In addition to PDE 

phosphodiesterase, compartmentalization of cAMP involves the scaffolding proteins A-

kinase anchoring proteins (AKAPs). We and others have shown previously by means of 
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AKAP-PKA complex disruption using st-Ht31 or silencing RNAs against different AKAPs 

that AKAPs can inhibit the release of inflammatory mediators such as neutrophil 

attractant interleukin-8 (IL-8) (Chapter 3) (4, 5).  

Previously, we have shown that AKAP5 (AKAP79/150) and AKAP12 

(Gravin/SSeCKS) expression is decreased in bronchial biopsies of COPD patients and 

in cigarette smoke extract-treated airway smooth muscle cells coinciding with an 

increase in IL-8 release (Chapter 3). Others have shown that AKAP12 is not down – but 

upregulated in the presence of pro-inflammatory mediators, including in lung 

homogenates from mice after intraperitoneal injection of lipopolysaccharide, and 

lipopolysaccharide-induced AKAP12 has been shown to mediate cytokine (i.e. TNF-α, 

IL-1β) release from astrocytes (6-10). While AKAP12 is involved in β2-adrenoceptor 

resensitization, AKAP5 is known to regulate β2-adrenoceptor desensitization. Little is 

known about the regulation of inflammatory processes by AKAP5; however, it has been 

identified as a regulating gene in a quantitative trait locus involving neutrophil 

recruitment in a murine model of chemically-induced peritonitis (11). We hypothesized 

that the lower AKAP5 and AKAP12 expression found in COPD patients acts to increase 

neutrophilic airway inflammation. For this aim we used an acute in vivo model of 

pulmonary inflammation, and exposed wildtype, AKAP5-/- and AKAP12-/- mice to air or 

cigarette smoke. . 

 
Materials and methods 

Animals and animal model – Female C57BL/6 wildtype, AKAP5-/- (12) and 

AKAP12-/- (13) mice were used for all experiments. Mice were exposed to the smoke of 

filter-free Kentucky 3R4F research cigarettes (Tobacco Research Institute, University of 

Kentucky, Lexington, KY, USA) by whole-body exposure in a 6L Perspex box, as 

described previously (14, 15). On day 1, mice were exposed to the smoke of 1 cigarette 

in the morning and 3 cigarettes in the afternoon. On day 2, 3 and 4, mice were exposed 

to the smoke of 5 cigarettes in the morning and 5 cigarettes in the afternoon (Figure 
1A). Control animals were exposed to air. Air- and cigarette smoke-exposed wildtype 

mice were included in every experiment to minimize variability. 16 h after the last 

cigarette smoke exposure, animals were euthanized by subcutaneously injecting a mix 

of ketamine (40 mg/kg) and dormitor (0.5 mg/kg) after which the lungs were immediately 

lavaged. Animals were housed conventionally under a 12 h light–dark cycle and 

received food and water ad libitum. All experiments were performed in accordance with 

	

	

the national guidelines and approved by the University of Groningen Institutional Animal 

Care and Use Committee (Groningen, the Netherlands). 

Genotyping and mRNA expression - DNA was isolated from mouse ear using 

the NucleoSpin Tissue kit (Machery Nagel, Düren, Germany), according to the 

manufacturer’s instructions. Using the primers listed in Table 1, we amplified the DNA 

using HotStar Taq Master Mix (Qiagen, Valencia, CA, USA). To verify complete 

knockdown of AKAP5 and AKAP12, the samples were loaded on a 1% agarose gel to 

identify DNA products. RNA from each mouse was collected from frozen lung using 

Nucleospin RNA II kit (Machery Nagel), according to the manufacturer’s instructions. 

cDNA was prepared from RNA followed by real-time quantitative PCR (RT-qPCR; 

Westburg, Leusden, The Netherlands) using the forward and reverse primers listed in 

Table 1. RT-qPCR was performed in duplicate using SYBR Green (Roche) with 

denaturation at 94°C for 30 s, annealing at 59°C for 30 s and extension at 72°C for 30 s 

for 40 cycles followed by 10 min at 72°C. Expression of all target genes mRNA analyzed 

using LinRegPCR software version 2013.1 (16). Data were expressed in arbitrary units 

as ratio of the starting concentration (N0) of each gene of interest corrected to the 

geometric mean of the N0 of two reference genes (18s and Gapdh). 

Analysis of bronchoalveolar lavage (BAL) fluid - After euthanizing the mice, the 

lungs were gently lavaged using a tracheal cannula with 1 mL PBS containing 5% 

bovine serum albumin and protease inhibitors (cØmplete mini Cat # 11 836 153 001, 

Roche Diagnostics GmbH, Mannheim Germany) and another four times with 1 mL PBS. 

Cells from all fractions were collected by centrifugation (200 g, 10 min, 4°C). 

Supernatants of the first wash step were collected for analysis of KC (CXCL1) levels 

using a DuoSet ELISA (DY453-05, R&D systems), according to the manufacturer’s 

protocol. For each animal, BAL cells of the different fractions were combined, 

resuspended in 500 µL PBS, and total cell numbers were determined. After determining 

total cell numbers, 5*105 cells were spun on microscope slides coated with PBS 

containing 3% BSA. Cytospins were stained with May-Grünwald Giemsa (Sigma, St. 

Louis, MO, USA), and neutrophil, macrophage and lymphocyte numbers were 

determined by differential cell counting of 400 cells in duplicate. 

Data processing and statistical analysis - Results are presented as individual data 

points with the median. Outliers were removed from the analysis. Graphs were prepared 

using Prism 5.0 and statistics were performed using SPSS 23.0. Normal distribution was 

determined using a Kolmogorov-Smirnov test for normality. Statistical analysis was 
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performed by means of one-way ANOVA and/or independent T-tests as mentioned. p-

values < 0.05 were considered statistically significant. 

 
Table 1: Primer sequences for the primers used for RT-qPCR analysis and genotyping. 

 
 

Results  
Cigarette smoke exposure reduces AKAP5 and AKAP12 expression – Previously, we 

published that AKAP5 and AKAP12 expression decreased after exposure to cigarette 

smoke extract in airway smooth muscle cells (Chapter 3). To confirm this in vivo, we 

exposed mice to cigarette smoke for four days (Figure 1A). After cigarette smoke 

exposure, wildtype mice showed reduced mRNA expression of AKAP5 (p<0.05), with the 

same trend for AKAP12 mRNA (p=0.06) compared to air-exposed mice (Figure 1B). To 

assess the functional impact of the deficiency of AKAP5 and AKAP12 in cigarette 

smoke-induced airway inflammation, we used AKAP5-/- and AKAP12-/- mice, which were 

shown to express no mRNA of the respective knockout gene (Figure 2A, B). The 

AKAP12-/- mice showed also a significant 3-fold reduction of AKAP5 expression 

compared to wildtype mice (p<0.05; Figure 2B). AKAP5 expression in the AKAP12-/- 

mice was reduced to similar levels as by cigarette smoke exposure in wildtype mice and 

it was not further decreased by cigarette smoke in AKAP12-/- mice (Data not shown). 

AKAP12-/- mRNA expression was unaffected in AKAP5-/- mice.  

 
Primer FW (5'à3') REV (5'à3') 

RT-qPCR       

AKAP12 Akap12 TCCACGTCCAAGAGGAAAGC CTTTGGATGCTGATTCGCCG  

AKAP5 Akap5 GACGATCTGGGTTGGGCTTC  TCCCTTCTCGTCCTTCGTCT  

18s 18s CGCGGTTCTATTTTGTTGGT AGTCGGCATCGTTTATGGTC 

GAPDH Gapdh AACTTTGGCATTGTGGAAGG ACACATTGGGGGTAGGAACA  

  
  

Genotyping PCR 
   

AKAP12 

WT2-R CTC TGA CCT CAT GCA TTC 

WT2-L GTG GAG ATG CTG TCC TCT CAG 

399 Neo-F GCC TCT GTT CCA CAT ACA CTT CAT TC 

TL657-F GTC GCT ACC ATT ACC AGT TGG TCT 

399 Ex2-R CTC TTT TCT CCG GGC TAA TAC TCT GT 

AKAP5 Akap5 AGACCAGCGTTTCTGAG TTCCTGTGTGTCACAAG 

AKAP5-/- Akap5-Neomycin TCGCATGATTGAACAAG AAGCACGAGGAAGCGGT 

	

	

	

 
Figure 1: Cigarette smoke reduced mRNA expression of AKAP5 and AKAP12. (A) Graphical representation 

of the experimental model for pulmonary inflammation with the amount of cigarettes (5 min/cigarette) in the 

morning and afternoon (# Cigs) of the corresponding day (Days). 16 h after the last smoke exposure a 

bronchoalveolar lavage was performed and lungs were harvested for lung tissue homogenates for mRNA 

isolation. (B) AKAP5 and AKAP12 gene expression in wildtype mice exposed to cigarette smoke. Data is shown 

as individual data points with the median and was analyzed using an independent sample T-test; *=p<0.05. 

 

 
Figure 2: Characterization of the AKAP5 and AKAP12 knockout mice. Gene expression of (A) AKAP5 and (B) 

AKAP12 in lung tissue homogenates depicted as N0 corrected for the geometric mean of the N0 for 18S and 

GAPDH, each dot represents an individual mouse with the median. Data was analyzed using an independent 

sample T-test; *=p<0.05, ***=p<0.001. 
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AKAP knockout mice show distinct inflammatory responses – We studied the 

effect of AKAP5 and AKAP12 knockout on the level of the murine homologue of IL-8, the 

neutrophil attractant KC, in BAL upon air – and cigarette smoke exposure. At baseline, 

KC levels measured in BAL fluid from the different groups showed no differences. 

Cigarette smoke exposure induced an increase in KC release in all groups, with the 

AKAP5-/- mice showing a significantly higher increase compared to wildtype and 

AKAP12-/- mice (Figure 3). Differential cell counts showed that cigarette smoke 

increases the number of neutrophils, but not of macrophages and lymphocytes in BAL 

fluid from wildtype mice (Figure 4). Similar to the KC effects, AKAP5-/- showed an 

exacerbated response to cigarette smoke exposure with a higher influx of neutrophils 

(Figure 4B, p< 0.001). In the AKAP12-/- mice, neutrophil numbers were already 

increased compared to wildtype mice in the air-exposed mice (Figure 4B, p<0.01), and 

were not further increased in the cigarette smoke exposed group. Total inflammatory cell 

numbers (Figure 4A, p<0.001), as well as the number of macrophages (Figure 4C, 

p<0.01) and lymphocytes (Figure 4D, p=0.06), were also increased in the air exposed 

AKAP12-/- mice. Cigarette smoke exposure decreased the macrophage count only in the 

AKAP12-/- mice (Figure 4C).  

In the wildtype – and the AKAP5-/- mice, KC release and neutrophil counts 

showed a strong positive correlation in mice exposed to air or cigarette smoke (Figure 
5A, B), which could not be observed in the AKAP12-/- mice (Figure 5C).  

 Together, our data show that loss of AKAP5 and AKAP12 expression increases 

pulmonary inflammation in vivo, by increasing cigarette smoke-induced KC release and 

by enhancing inflammatory cell infiltration at baseline, respectively.  
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Figure 4: AKAP12-/- mice show increased inflammatory cell numbers in air-exposed mice and AKAP5-/- in 
cigarette smoke-exposed mice. Infiltration of inflammatory cells were determined by two independent 

observants in BAL fluid of wildtype –, AKAP5-/- – and AKAP12-/- mice exposed to air or cigarette smoke for 4 days. 

(A) total cells, (B) neutrophils, (C) macrophages and (D) lymphocytes were determined in the BAL fluid. Data are 

presented as individual animals with the median. Data were analyzed using two-way ANOVA: Individual 

comparisons were made using an independent sample T-test. *=p<0.05, **=p<0.01, **=p<0.001.  

 

We observed that AKAP5 gene expression was reduced to some extent in the 
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much is known about regulation of AKAP5 expression, but an overlap with AKAP12 has 

been shown before in BeWo trophoblasts, where forskolin can induce both AKAP5 and 

AKAP12 expression (17). A link between the cigarette smoke-induced downregulation of 

AKAP5 and AKAP12 has not been investigated previously. Given the observed 

regulation of AKAP5 by AKAP12 in our study, the loss of AKAP12 expression upon 

cigarette exposure may offer a plausible mechanism for the cigarette smoke-induced 

reduction of AKAP5 expression. However, the magnitude of reduction of AKAP5 was 

stronger than that of AKAP12, suggesting that the cigarette smoke-induced reduction in 

AKAP5 is, at least partly, independent of the downregulation of AKAP12. Vice versa, 

AKAP5-/- mice did not display reduced expression of AKAP12, indicating that the 

interactive regulation of expression levels appears to be regulated by AKAP12 only. 

Although it is tempting to speculate that the effects of AKAP12-/- on the inflammatory 
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parameters are (in part) by the observed reduction of AKAP5, this is unlikely given the 

observed distinct inflammatory responses in the AKAP5-/- and AKAP12-/- mice, with only 

AKAP5-/- mice showing increased KC levels after smoke exposure.  

The cigarette smoke-induced reduction in AKAP5 and AKAP12 expression was 

accompanied by an increase in KC levels in the BAL and neutrophilic lung inflammation. 

Our findings in the AKAP5-/- mice indicate that AKAP5 regulates cigarette smoke-

induced release of neutrophil attractant KC, and that its loss results in increased 

sensitivity to cigarette smoke. There was a strong correlation between KC levels in BAL 

and neutrophil counts upon cigarette smoke exposure in wildtype and AKAP5-/- mice, 

suggesting that the recruitment of neutrophils is, at least in part, mediated by the release 

of KC. These results in AKAP5-/- mice are in line with our previous in vitro findings, 

demonstrating an increase of cigarette smoke extract-induced IL-8 release when 

inhibiting AKAP-PKA interactions (Chapter 3). To the best of our knowledge, the specific 

role of AKAP5 in the regulation of inflammatory processes is still unknown. Our group 

has previously shown that the cAMP effector Epac, which is known to bind AKAP5 (18), 

can decrease cigarette smoke extract induced IL-8 release from airway smooth muscle 

cells (19). In this way, loss of AKAP5 expression could lead to loss of this regulatory 

effect, resulting in an increase in IL-8 release from smooth muscle cells. However, Epac 

knockout mice did not show similar effects on KC release in a similar cigarette smoke 

mouse model (15), rendering Epac-mediated effects an unlikely explanation. AKAP5 is 

mainly known for its role in synaptic transmissions in the brain, and learning and memory 

(Chapter 2). It is also known that AKAP5 binds to the β2-adrenoceptor, regulating its 

sensitivity and potentially cAMP production inside the cell (Chapter 2). In addition to the 

cAMP pathway, AKAP5 is known to bind several components of the intracellular calcium 

pathway (20-23) which could be another way to IL-8 release (24). The exact 

mechanisms of AKAP5-regulated IL-8 release and neutrophil attraction upon cigarette 

smoke exposure in vivo will require further investigation though.  
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Figure 4: AKAP12-/- mice show increased inflammatory cell numbers in air-exposed mice and AKAP5-/- in 
cigarette smoke-exposed mice. Infiltration of inflammatory cells were determined by two independent 

observants in BAL fluid of wildtype –, AKAP5-/- – and AKAP12-/- mice exposed to air or cigarette smoke for 4 days. 

(A) total cells, (B) neutrophils, (C) macrophages and (D) lymphocytes were determined in the BAL fluid. Data are 

presented as individual animals with the median. Data were analyzed using two-way ANOVA: Individual 

comparisons were made using an independent sample T-test. *=p<0.05, **=p<0.01, **=p<0.001.  
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been shown before in BeWo trophoblasts, where forskolin can induce both AKAP5 and 
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AKAP5 is, at least partly, independent of the downregulation of AKAP12. Vice versa, 
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interactive regulation of expression levels appears to be regulated by AKAP12 only. 
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parameters are (in part) by the observed reduction of AKAP5, this is unlikely given the 

observed distinct inflammatory responses in the AKAP5-/- and AKAP12-/- mice, with only 

AKAP5-/- mice showing increased KC levels after smoke exposure.  

The cigarette smoke-induced reduction in AKAP5 and AKAP12 expression was 

accompanied by an increase in KC levels in the BAL and neutrophilic lung inflammation. 

Our findings in the AKAP5-/- mice indicate that AKAP5 regulates cigarette smoke-

induced release of neutrophil attractant KC, and that its loss results in increased 

sensitivity to cigarette smoke. There was a strong correlation between KC levels in BAL 

and neutrophil counts upon cigarette smoke exposure in wildtype and AKAP5-/- mice, 

suggesting that the recruitment of neutrophils is, at least in part, mediated by the release 

of KC. These results in AKAP5-/- mice are in line with our previous in vitro findings, 

demonstrating an increase of cigarette smoke extract-induced IL-8 release when 

inhibiting AKAP-PKA interactions (Chapter 3). To the best of our knowledge, the specific 

role of AKAP5 in the regulation of inflammatory processes is still unknown. Our group 

has previously shown that the cAMP effector Epac, which is known to bind AKAP5 (18), 

can decrease cigarette smoke extract induced IL-8 release from airway smooth muscle 

cells (19). In this way, loss of AKAP5 expression could lead to loss of this regulatory 

effect, resulting in an increase in IL-8 release from smooth muscle cells. However, Epac 

knockout mice did not show similar effects on KC release in a similar cigarette smoke 

mouse model (15), rendering Epac-mediated effects an unlikely explanation. AKAP5 is 

mainly known for its role in synaptic transmissions in the brain, and learning and memory 

(Chapter 2). It is also known that AKAP5 binds to the β2-adrenoceptor, regulating its 

sensitivity and potentially cAMP production inside the cell (Chapter 2). In addition to the 

cAMP pathway, AKAP5 is known to bind several components of the intracellular calcium 

pathway (20-23) which could be another way to IL-8 release (24). The exact 

mechanisms of AKAP5-regulated IL-8 release and neutrophil attraction upon cigarette 

smoke exposure in vivo will require further investigation though.  
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Figure 5: Correlation between KC release and neutrophil count is absent in AKAP12-/- mice. Combining the 

data of corresponding mice from both air – and smoke-exposed groups from figures 3 and 4, correlation was 

determined using Pearson for normal distributed data and Spearman for non-normal distributed data.  

	

	

Lung neutrophils, macrophages, and lymphocytes positively correlate with the 

severity of COPD (25). Our study shows that AKAP12-/- mice have increased numbers 

for all these cell types, particularly neutrophils, at baseline, indicating that AKAP12 acts 

to suppress inflammation in the lung under basal conditions. Therefore, the decreased 

expression of AKAP12 after cigarette smoking may contribute to the inflammation seen 

in COPD, although it does not further increase the sensitivity to cigarette smoke.  

We did not observe a correlation between KC release and neutrophils in the 

lungs of AKAP12-/- mice, suggesting the involvement of other chemokines or another 

mechanism, e.g. increased cell survival, in the increase in neutrophils as well as 

macrophages and lymphocytes in AKAP12-/- mice. From the brain it is known that there 

AKAP12-positive cells are involved in the formation of a structure which traps various 

immune cells (26), leading to prolonged inflammatory infiltration after ischemic stroke in 

AKAP12-/- mice (26). Similarly, AKAP12 positive cells in the lung could also be involved 

in the removal of inflammatory cells, causing an increase of inflammatory cells infiltrating 

tissue in AKAP12 deficient mice. As AKAP12 is also known to regulate cellular 

senescence and proliferation (27, 28), it may also affect the proliferation of inflammatory 

cells, thereby regulating their numbers in the lung.  

In conclusion, AKAP5 and AKAP12 exhibit anti-inflammatory roles in the lungs. 

AKAP12 suppresses pulmonary inflammation under basal conditions, whereas AKAP5 

suppresses cigarette smoke-induced inflammation. Given their distinct anti-inflammatory 

roles, AKAP5 and AKAP12 could be key players in the development of COPD as their 

expression is lower in lung tissue from COPD patients compared to non-COPD controls 

(Chapter 3).  
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data of corresponding mice from both air – and smoke-exposed groups from figures 3 and 4, correlation was 

determined using Pearson for normal distributed data and Spearman for non-normal distributed data.  
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